Induced expression of the HSP70 gene in 3T3 and SV-3T3 cells was monitored by measurements of the synthesis of HSP70 and of the cellular contents of both HSP70 and its mRNA. The presence of betaine (N-trimethylglycine) at concentrations of 2.5-25 mM decreased the induction of HSP70 gene expression caused by incubation of 3T3 and SV-3T3 cells in hypertonic (0.5 osM) medium. This effect was accompanied by an enhancement of SV-3T3 cell adaptation, assayed by colony formation, to the hyperosmotic conditions. In contrast, the presence of betaine did not affect HSP70 gene expression induced in these
INTRODUCTION
A series of studies of the effects of hyperosmotic conditions on cultures of chick-embryo fibroblasts, 3T3 and transformed 3T3 cells has revealed a variety of responses that may be summarized as follows. (a) General protein synthesis decreases (Petronini et al., 1986) . (b) Cell proliferation decreases (Petronini et al., 1992) . (c) The activity of amino acid transport system A increases (Tramacere et al., 1984) . (d) There is induced synthesis of a protein that is either identical with or closely homologous to a 70 kDa heat-shock protein (HSP70) (Petronini et al., 1993) . There are, however, some notable differences between untransformed 3T3 cells and transformed 3T3 cells in their responses to hyperosmotic stress. For example, 3T3 cells, in contrast with SV-3T3 cells, adapt to hyperosmolar conditions, and this adaptation is characterized by partial reversal of the responses noted above (Silvotti et al., 1991) . Moreover, the synthesis of the inducible stress protein can be detected in 3T3 cells after 4-6 h exposure to hypertonicity, but only after 8-10 h in SV-3T3 cells (Petronini et al., 1993) . Thus it appears that the induced synthesis of the stress protein is an important factor in these cells' responses and eventual adaptation to hypertonic conditions.
In another study with SV-3T3 cells we examined the effects of the presence of some 'compatible solutes' (Yancey et al., 1982; Yancey and Burg, 1990; Garcia-Perez and Burg, 1991) on the cells' adaptive responses to hyperosmotic stress. This revealed that the addition of one such solute, betaine (N-trimethylglycine), to the hypertonic incubation medium dramatically counteracts the usual induction of amino acid transport activity and the decreases in cell proliferation and general protein synthesis (Petronini et al., 1992) . No Culture media of altered hypertonicity Minimal essential medium was adjusted to the desired Na+ concentration by addition of 1.5 M NaCl. The final osmolarity of the modified medium was checked with a vapour-pressure osmometer (Wescor). Normal medium contained 143 mM Na+, 116 mM derived from NaCl, and the remainder from other components (NaHCO3 and sodium phosphate).
Cell counting and determination of cell survival Cells were detached from the substratum with trypsin, and appropriate dilutions of the resulting suspension were counted in a Burker haemocytometer as described in detail elsewhere (Piedimonte et al., 1982) . Cell survival was determined by cell viability and colony formation. After hyperosmotic treatment the cells were removed from the plates with trypsin, counted, and their viability was determined by Trypan Blue exclusion (Hunt, 1987) . Colony formation by viable cells was then determined by seeding them at a density of 400 cells per 27 cm2 in dishes containing 5 ml of culture medium. After 5-6 days incubation, the cells were fixed with 95 % ethanol, stained with 0.1 % Crystal Violet and counted.
PAGE
Cells were extracted in a solution containing 10 mM NaCl, 3 mM MgCl2, 10 mM Tris/HCl (pH 7.4), 0.1 % SDS, 0.1 0% Triton X-100, 10,ug/ml 4-aminophenylmethanesulphonyl fluoride, 0.5 ,ug/ml leupeptin, 0.7 ,ug/ml pepstatin and 0.5 mM EDTA. The extracts were sonicated for about 1 min with a probe sonicator and then freeze-dried. Samples for one-dimensional PAGE were dissolved in a solution containing 2 % SDS, 62.5 mM Tris/HCl (pH 7.4), 50% 2-mercaptoethanol, 0.0020% Bromophenol Blue and 20% glycerol. The solution was heated to 100°C for 2-3 min. Samples for two-dimensional PAGE were dissolved in a solution containing 9.5 M urea, 5 % 2-mercaptoethanol, 2% Nonidet P-40, 1.5% SDS and 2% ampholytes (Bio-Lyte ampholine 1.8 %, pH 5-7, 0.2 % pH 3-10). Onedimensional PAGE was carried out essentially as described by Laemmli (1970) with 5-15% (w/v) linear gradient gels (crosslinker = 1: 38), a discontinuous buffer system and a constant current of 35 mM for about 5 h. For two-dimensional gels, proteins were focused in the first dimension for 14-15 h at 400 V, followed by 2 h at 800 V. For the second dimension, 10%-polyacrylamide gels were used.
To label cell proteins for PAGE, methionine-free culture medium was supplemented with 1 ,uM unlabelled methionine and 100 ,tCi/ml [35S]methionine (1115 Ci/mmol). Labelling was followed by addition of 1 mM unlabelled methionine for a 5 min chase period. The cell layer was washed gently with 3 x 2 ml of cold phosphate buffer solution and then extracted as described above. Samples for two-dimensional PAGE contained about Western blotting Protein concentration was determined by a dye-fixation method (Bio-Rad) with BSA as standard (Bradford, 1976) . Immunoblotting analysis was performed essentially as described by Burnette (1981) . Briefly, cell proteins separated by SDS/PAGE were electrophoretically transferred (30 V, overnight at 4 0C) from the slab gel to a nitrocellulose sheet in a Trans-Blot Cell (Bio-Rad) filled with a solution containing 25 mM Tris, 192 mM glycine (pH 8.3) and 20 % methanol. Non-specific protein binding was blocked by incubating the sheets for 1 h in a solution containing 3 % gelatin in 20 mM Tris/HC1 (pH 7.6) and 500 mM NaCl. The saturated transfer membrane was washed twice (5 min per wash) with a solution containing 20 mM Tris/HCl (pH 7.5), 500 mM NaCl and 0.05 % Tween-20 (solution W). The blot was then incubated for 4 h at laboratory temperature (about 25 0C) with a 1: 5000 dilution of the antibody in solution W containing 1 % gelatin, and then washed twice as above. This was followed by a 1 h incubation with a 1: 3000 dilution (in solution W plus 1 % gelatin) of goat anti-mouse IgG conjugated to alkaline phosphatase. The blot was finally washed twice with solution W and once with solution W minus the Tween. Detection of the antigen-antibody complex was carried out by incubating the sheet in a solution containing 0.015 % Nitro Blue Tetrazolium, 0.7 % NN-dimethylformamide, 0.03 % 5-bromo-4-chloro-3-indolyl phosphate, 1 mM MgCl2 and 100 mM NaHCO3, pH 9.8. The development was stopped by immersing the sheet in distilled water for 10 min. Some blots were quantified with the use of a computing laser densitometer (Molecular Dynamics). The range of densities for which the method is reliable was established by trials with different concentrations of standard protein.
Northern blotfing
Total RNA was extracted from cultured cells by the guanidium/ caesium trifluoroacetate method (Okayama et al., 1987 ) with a RNA extraction kit (Pharmacia). RNA samples (10,lg) were fractionated by 1.2 %-agarose-gel electrophoresis and transferred to nylon filters. The quality and quantity of RNA blotted on membranes was checked by u.v. absorption. Plasmid pH 2.3 containing the human HSP70 gene (Hunt and Morimoto, 1985) was nick-translated (Amersham kit N.5000) with a-[32P]dCTP (3000 Ci/mmol). For hybridization the membranes were incubated in a solution containing 50% formamide, 7% SDS, 0.25 M NaH2PO4, 0.25 M NaCl and 1 mM EDTA. Afterwards they were washed according to the following routine, each solution being buffered at pH 7 and each wash lasting 10 min: five times at room temperature in 2 x SSC solution (1 x SSC is 0.15 M NaCl, 0.015 M sodium citrate, pH 7) containing 0.1 % SDS; once with 1 x SSC containing 0.1 % SDS at 42°C; twice with 0.1 x SSC at 42 0C. Autoradiographs were obtained from exposures of 12-24 h, with intensifying screens, at -80 0C. analysis was used to check the performance of the ion-exchange column and the content of cell extracts after incubation with the labelled betaine.
inducible and constitutive isoforms of HSP70 (Colotta et al., 1990; Petronini et al., 1993) . The results in Figure 3(a) show that the presence of 25 mM betaine during a 4 h incubation of 3T3 cells in hypertonic medium completely prevented the marked induction of the 2.7 kb transcript that occurred in the absence of betaine (hyperosmotic conditions also caused a parallel but smaller increase in the 'constitutive' 2.4 kb transcript, again abolished by the presence of betaine). Figure 3(b) shows not only similar results with SV-3T3 cells, but also that even 2.5 mM betaine caused some decrease in the induction of the 2.7 kb transcript.
Effect of betaine on colony formation by SV-3T3 cells exposed to osmotic stress Since the monoclonal antibody detects the presence of induced HSP70 in 3T3 cells, but not in SV-3T3 cells, after only 6 h exposure to hypertonic conditions (Petronini et al., 1993 ) the effect of adding betaine was tested first under these conditions. No effect was observed with SV-3T3 cells, there being no detectable induced HSP70 in the presence or absence of betaine. Unexpectedly, however, with 3T3 cells the addition of 25 mM betaine to the hyperosmotic medium produced exactly the opposite effect from that postulated: it drastically decreased the amount of induced HSP70 detected by the antibody. This test was therefore repeated with the use of a range of betaine concentrations and longer exposure of the cells to hypertonic conditions. The results ( Figure I) show that a betaine concentration of only a few mM is sufficient to cause a significant decrease in the amount of induced HSP70, in both 3T3 and SV-3T3 cells, and higher concentrations of betaine progressively decrease the HSP70 to the limit of detection (Table 1) . Corroboration of this finding was provided by the more direct approach of monitoring protein synthesis in terms of the incorporation of L-[35S]methionine. Analysis by two-dimensional PAGE of the polypeptides synthesized in 3T3 cells during incubation in hypertonic medium, with and without the addition of betaine, showed a very marked and specific decrease in labelling of inducible HSP70 when betaine was present ( Figure   2 ).
HSP70 -4 Figure 1 Accumulaton of inducible HSP70 In cells during hypertonic incubations
Control cells were incubated in isotonic medium (0.3 osM) and test cells in hypertonic medium (0.5 osM) in the presence of the indicated concentrations of betaine. Cell proteins were then extracted, separated by SDS/PAGE, blotted on to nitrocellulose and made to react with monoclonal antibody directed against the inducible isoform of HSP70 (HSP70 I). The Western blots of the test cells were scanned with a computing densitometer (Molecular Dynamics) to quantify the results (see Table 1 monitoring cell viability and plating efficiency (Petronini et al., 1993) . The results in Table 2 , which expresses cell survival in terms of ability to form colonies, confirm this finding and show further that the presence of betaine during the hypertonic incubation significantly increased cell survival.
Response to heat shock Cells were incubated with betaine during exposure to heat shock (44 IC for 30 min) to see if it also modulates HSP70 gene expression under these conditions. Cellular accumulation of inducible HSP70 was monitored with the use of the monoclonal antibody (as in Figure 1 ) and gene transcription was assayed by Northern blotting (as in Figure 3 ). Although the response to the heat shock was clearly demonstrated by both Northern ( Figure  3a) and Western (Figure 4) blotting, no convincing effect of betaine (25 mM) was detected. (a) 3T3 cells were incubated either for 4 h in isotonic or hypertonic media, or for 0.5 h at 44 OC followed by 3.5 h at 37°C in isotonic medium. Each condition was duplicated with the addition of 25 mM betaine, as indicated. (b) SV-3T3 cells were incubated for 4 h or 12 h in isotonic or hypertonic media containing 0, 2.5 or 25 mM betaine, as indicated. Total cellular RNA was then extracted and analysed for the detection of HSP70 mRNA by Northern blofting as described in the text. Table 2 Enhancement of betaine of cell adaptation of osmotic stress SV-3T3 cells were grown for 2 days under isotonic conditions in complete culture medium. Then they were incubated for a further 24 h either under the same conditions or in hypertonic medium (0.5 osM) in the presence and absence of betaine, as indicated. Viable cells were identified as described in the text, and 400 cells from both control and hypertonic samples were seeded and left to grow for 5 days. Colony formation by these cells was evaluated as described in the text. Results from two independent experiments are given. Uptake of betaine by SV-3T3 cells Figure 5 shows that betaine was not only taken up by SV-3T3 cells but also accumulated, so that its intracellular concentration was higher than that in the medium under both isotonic and hypertonic conditions. 
DISCUSSION
Induced expression of the HSP70 gene in 3T3 and SV-3T3 cells occurs in response not only to heat shock but also to hypertonic stress (Petronini et al., 1993 (Cohen et al., 1991) and these cells accumulate betaine via a Na+-dependent transporter that is osmotically regulated (Nakanishi et al., 1990; Garcia-Perez and Burg, 1991) and has recently been cloned (Yamauchi et al., 1992) . The use of MDCK cells for this work stems from investigations of kidney function and the fact that hypertonicity in the renal medulla is fundamental to its normal function. Thus some kidney cells need to adapt to hypertonicity; but it is not obvious that cells from other tissues should also require this ability, and Cohen et al. (1991) noted that it remained "to be determined whether HSP70 induction by hyperosmotic stress is characteristic of other eukaryotic cells". Our findings suggest that all of these responses may well be a more widespread characteristic of eukaryotic cells.
The detailed properties of the betaine transport system in SV-3T3 cells remain to be established before the above interpretation can be accepted to account fully for all the observations. In addition to more thorough checks of its source of energy and investigation of the nature of its stimulation under hypertonic conditions, there is a need to examine the quantitative aspects in more detail. For example, although the cellular concentration of betaine attained after 6 h of incubation in the presence of 25 mM extracellular betaine was sufficient to counteract completely the imposed osmotic pressure, the situation with lower external concentrations of betaine has yet to be studied. At present, therefore, it is not certain that the effects of betaine detected when its extracellular concentration was only 2.5-5 mM are explicable in terms of an intracellular concentration sufficient to balance the imposed osmotic pressure. There is, however, another possibility worth noting. As pointed out by Cohen et al. (1991) , a potential role for the HSP70 protein in the response to hyperosmotic stress is that of maintaining protein conformation in the presence of raised intracellular ion concentrations that accompany initial cell shrinkage. Since some compatible solutes have been shown to act in this fashion in vitro (see Yancey et al., 1982) , it seems possible that intracellular betaine might also have such a protective role, in addition to that of increasing cellular osmolarity.
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